Background: The National Academies of Sciences report Improving Diagnosis in Healthcare highlighted the need for better training in medical decision-making, but most medical schools lack formal education in clinical reasoning.
Introduction
Diagnostic errors are important contributors to patient morbidity and mortality [1] , and rank among the top patient safety concerns for healthcare organizations. In 2015, the National Academies of Sciences, Engineering, and Medicine called for enhanced training in the diagnostic process for all health care professionals [2] . Within undergraduate medical education (UME), the Association of American Medical Colleges (AAMC) has also identified clinical reasoning as a key competency [3] . However, a recent cross-sectional study of internal medicine clerkship directors demonstrated that most US medical schools lack formal educational sessions dedicated to clinical reasoning [4] .
The most effective educational strategies to improve trainee clinical reasoning have not been established. A recent systematic review regarding dual process theorybased interventions found six published educational curricula in addition to studies of workplace interventions like checklists, cognitive forcing strategies, guided reflection, and instruction to use a particular type of reasoning [5] . Of these six curricula, four were performed within UME and only two included teaching on individual reasoning steps and skills [6, 7] . The interventions in the latter studies consisted of a case-based reasoning seminar for senior medical students. The first study focused on self-reflection and knowledge of the steps of the reasoning process [6] , while the second highlighted the application of Bayes theorem in diagnosis [7] . Both studies demonstrated that a case-based curriculum grounded in dual process theory can result in improved clinical reasoning as assessed by standardized patient cases and written examinations. Only one study identified in the systematic review involved assessment of reasoning in a hospital setting. This study, performed among staff-level emergency medicine physicians, assessed the impact of a checklist on extensiveness of differential diagnosis and resource utilization. There was a trend toward more expansive differential diagnoses and increased numbers of tests and consults ordered when providers used the checklist. However, the difference was not statistically significant, and the clinical impact of these changes was uncertain [8] .
It is unknown if clinical reasoning instruction can impact student clinical reasoning within the context of authentic patient care. Therefore, we developed and implemented a clinical reasoning curriculum for medical students on an internal medicine clerkship. We hypothesized that structured clinical reasoning education would improve knowledge of clinical reasoning concepts, application of clinical reasoning concepts in patient care, and students' perception of their own clinical reasoning education.
Methods
We conducted a pseudo-randomized and controlled study to evaluate the impact of a clinical reasoning curriculum on third-year medical students' knowledge of clinical reasoning concepts, skills, and perception of clinical reasoning education at a single allopathic US medical school.
Participants
Third-year medical students at the University of Pittsburgh School of Medicine (UPSOM) who were enrolled in their internal medicine clerkship between January and June 2017 were eligible to participate. The students who participated in the curriculum from January to April were at the end of their third year and were referred to as "experienced", and students who participated during May and June were in the first 2 months of their third year and were referred to as "novices".
Existing educational structure: At UPSOM, students are randomly assigned to one of four clinical training sites for each half of their 8-week inpatient internal medicine clerkship. Three of the training sites are academic medical centers associated with UPSOM, and one site is the Veterans Administration hospital associated with the medical school and residency training programs. All hospital sites are within 3 miles of each other. Students at all sites rotate on general medicine wards and participate in patient care on a team that includes one attending physician, one senior resident, two interns, and two third-year medical students. The faculty at all sites have similar qualifications, participate in a centralized faculty development program, and are evaluated according to a uniform set of expectations for faculty promotion and teaching evaluations. The residents at each site are all part of the same training program. The students at all sites have the same set of expectations for the clerkship, including the same number of admissions or patients to follow per week, the same educational conferences, and the same expectations for feedback. All third-year students also participate in daily Student Teaching Attending (STA) sessions, which are a 1-h case-based clinical reasoning discussions with six to eight students led by a faculty member.
Study design: Students who were assigned to site 1 in the first half of their rotation formed the intervention group, and those assigned to sites 2, 3, and 4 formed the control group. Students in the intervention group participated in the curriculum on the first afternoon of their clerkship, completing the modules in a computer lab and then participating in the skills workshop. In order to ensure educational equity, students in the control group completed the modules outside of the study period. Students in both intervention and control groups otherwise had similar educational experiences throughout the internal medicine clerkship, including the previously described ward teams and the STA sessions.
Institutional review
The project met all necessary criteria for an exemption under section 45 CFR 46.101(b) [1] for educational strategies, curricula, or classroom management methods, as designated by the University of Pittsburgh Institutional Review Board (PRO16110049). Participants were given the opportunity to request that their work not be used for research purposes.
Curriculum content
The curriculum consisted of two components: six interactive online modules and a case-based workshop.
Online modules: We used online modules that were developed by faculty within the Department of Medicine at the University of Pittsburgh Medical Center (UPMC). The modules taught clinical reasoning topics that are ranked highly by expert educators [9, 10] . The topics were: (1) diagnostic error, (2) cognitive psychology of decision-making, (3) specific clinical reasoning skills, including use of semantic qualifiers and problem representation, and (4) cognitive biases and heuristics (including those related to overconfidence, probability estimation, and affective biases). The modules included didactic videos, simulated clinical cases, and interactive prompts for open-ended and multiple-choice questions. Each of the modules was completed in 20 min, amounting to a total of 2 h of online content.
Clinical reasoning workshop:
The second component consisted of a 1-h skills-based workshop. We provided students with a written case and prompted them to practice four specific skills: (1) identification of key clinical findings, (2) translation of clinical information into semantic qualifiers, (3) generation of a problem representation/ summary statement, and (4) creation of a prioritized differential diagnosis. Students first practiced each skill in groups of three to four. A facilitated large-group discussion regarding each of the four skill-based tasks followed the small groups.
We developed the content for this workshop based on principles for curricular content described in Teaching Clinical Reasoning [11] , including cases with prototypical illness scripts, an analysis of clinical reasoning processes during case presentations, a discussion of cognitive psychology principles that pertain to clinical reasoning, dual process thinking, and script theory. Specific content and delivery modalities were derived from reviewing the literature for common errors in medical student reasoning [12] , and the previously mentioned case-based educational interventions [5] [6] [7] . The workshop did not include instruction regarding how to document clinical reasoning in a hospital admission note.
Evaluation
We evaluated participants according to three domains: knowledge of clinical reasoning concepts, clinical reasoning skills, and student perception of clinical reasoning concepts in their clerkship experience.
Knowledge: We administered a 20-question post-curricular quiz to the control and intervention groups at the end of the 4-week intervention period. The quiz addressed definitions and concepts that were introduced in the online modules (Supplementary Material). The study authors developed the quiz and piloted it among medical education fellows and third-year medical students outside of the study to optimize clarity, content, and difficulty of the questions. Skills: We used the Interpretive summary, Differential diagnosis, Explanation of reasoning and Alternatives (IDEA) tool [13] to assess clinical reasoning skills. IDEA was designed to assess clinical reasoning in third-year medical student hospital admission notes. The tool has three sections: (1) a data gathering section, for assessment of comprehensiveness and contextualization of the history of present illness, historical features, and physical exam; (2) a data synthesis section for evaluation of reasoning in the written assessment and plan; and (3) a global rating of the reporting, diagnostic reasoning, and decision-making skills. This tool utilizes a three-point scale for each section.
Evaluation of written justification for medical decisions is congruent with educational expectations in the UME literature [14, 15] . According to AAMC's core entrustable professional activities for UME, students are expected to be able to accurately document their clinical decision-making [3] . Furthermore, because student hospital admission notes are included in the medical record and are evaluated by the attending physicians as part of the student's grade (and are thus high stakes), we feel confident that the notes represented each student's best attempt to illustrate their reasoning.
As part of the existing clerkship STA session, the students prepared one hospital admission note per week for grading and feedback by their STA physician. One investigator (DD), who was not involved in evaluation of the notes, collected these notes from all students on the medicine clerkship during the intervention period. The same investigator de-identified the notes by removing student names, identifying patient information, and study site information. Two independent investigators (EB, AF) evaluated 30% of the notes in a blinded fashion. The investigators did not provide feedback to the students and did not see the feedback provided by the STA physician. Percent agreement by item was calculated with an overall agreement of 69%, consistent with the fair to moderate agreement reported in the tool's validation study [13] . After calculation of percent agreement, one investigator (EB) assessed the remainder of the notes.
Perception of educational experiences: The students were surveyed regarding their attending physicians' use of clinical reasoning terminology, their attending physicians' delineation of their own clinical reasoning, and the utility of the clinical reasoning concepts in their daily work on the rotation. Responses were graded on a five-point Likert-style scale.
Data analysis
We conducted a priori power analyses to assure at least 80% power to detect a 10-point difference in average skill scores between groups, and four-point difference in knowledge scores between groups. For analysis of quiz and Likert-scale data, we compared mean group scores using t-tests for two independent samples. For analysis of IDEA tool ratings, we calculated mean scores per student overall and per item and compared groups using t-tests for two independent samples.
In secondary subgroup analyses, we compared mean IDEA tool ratings by study group assignments within each of the experienced student cohorts. We also compared mean IDEA tool ratings by study group using only admission notes submitted during week 1 of the intervention period. We performed all analyses using Stata SE 14.1 for Windows (Stata Corp, College Station, TX, USA).
Results

Participant characteristics
A total of 67 of 68 (99%) eligible students participated in the study. One student from the control group requested to be excluded from the assessments. Overall, 40 (60%) students were in the experienced cohort, while 27 (40%) students were in the novice cohort. The intervention group consisted of 34 (51%) students, while 33 (49%) students formed the control group; this distribution of intervention and control students was the same in the experienced and novice cohorts.
Knowledge
At the end of the 4-week intervention period, 66 of the 67 (99%) students completed the 20-point clinical reasoning concept quiz. Students in the intervention group, on average, scored higher than students in the control group (13.30 ± 2.30 vs. 10.88 ± 3.04, p < 0.001).
Skills
We collected 250 of 268 (93%) eligible hospital admission notes. The remaining 7% of the notes were not turned in to study investigators. There were no significant differences in mean total IDEA scores by study group assignments or by comparison of novice and experienced students. However, students in the intervention group, on average, scored higher by item in the data synthesis and the diagnostic reasoning portions of the IDEA assessment tool (Table 1) . This superior performance was also seen when we limited our analysis to admission notes collected during week 1 (Appendix 1). Data stratified by experience cohort are displayed in Appendix 2.
Perception of educational experiences
At the end of the study period, 66 of 67 (99%) students completed a post-curriculum survey. Students in the intervention group reported high levels of agreement with a statement regarding use of clinical reasoning skills learned during the curriculum in their clinical work (3.83 ± 0.70 out of 5), with experienced students reporting higher ratings than novice students (4.16 ± 0.50 vs. 3.27 ± 0.65, p < 0.01).
Students in the intervention group reported higher agreement with the statement, "My attending explicitly discussed common clinical reasoning terminology", in reference to both ward and STA physicians. Students in the intervention group also reported higher ratings of agreement with the statement, "My attending explicitly outlined his/her clinical reasoning on most cases", in reference to STA physicians ( Table 2) .
Discussion
In this pseudo-randomized and controlled study of a clinical reasoning curriculum for third-year medical students on an internal medicine clerkship, we observed superior knowledge of clinical reasoning concepts, superior utilization of clinical reasoning skills in admission notes, and increased awareness of attending physician utilization of clinical reasoning concepts in the clinical and conference room settings. To our knowledge, this study represents the first investigation of a curricular intervention's impact on clinical reasoning skills in the context of patient care, as opposed to simulated or written clinical cases.
Clinical reasoning vocabulary and concepts can serve as a shared foundation for improvement by informing assessment methods, remediation plans, and reflection on one's own cognitive performance [16] . Medical students value instruction on clinical reasoning concepts [17] because they provide an intuitive structure for reasoning, and they find the subject helpful for improving their own clinical reasoning [18, 19] . Our demonstration of knowledge durability at 4 weeks contrasts with previous studies which have demonstrated immediate knowledge changes [20, 21] . Whether gaining such knowledge contributes to the development and refinement of reasoning skills is unknown.
The ultimate goal of clinical reasoning interventions is the enhancement of reasoning skills at the point of patient care. Our evaluation of student reasoning skills in the context of patient care distinguishes our study from previous investigations and suggests that the introduction of clinical reasoning concepts may contribute to improvements in reasoning skills in medical students on an internal medicine clerkship. While the absolute difference in IDEA skill ratings between our intervention and control groups was small (0.3 points on a three-point scale), this was in the context of multiple factors that were likely to bias results toward the null including the brief one-time nature of the intervention, the well-established standard educational experiences provided to both intervention and control groups, and the ample opportunities for feedback from clinical supervisors for both groups. At the time of a 2016 systematic review, no published educational intervention had evaluated an outcome higher than 2b (acquisition of knowledge or skills) on Kirkpatrick's adapted hierarchy. Our study is the first to evaluate a Kirkpatrick Level 3 (change in behavior with transfer of knowledge to the workplace) outcome for clinical reasoning education.
The optimal methods for teaching clinical reasoning skills have not been established. A 2017 cross-sectional survey of internal medicine clerkship directors revealed that the most common settings for clinical reasoning education within existing UME internal medicine programs are attending rounds and morning report. A small percentage of programs reported sessions or online modules specifically devoted to clinical reasoning education [4] . Our findings suggest that use of online programs coupled with clinical reasoningspecific sessions may enhance clinical reasoning education within UME.
We also found that students who were exposed to our curriculum reported an increased recognition of an explicit clinical reasoning approach in their role models. This suggests an increased awareness and identification of clinical reasoning concepts by students in the intervention group. This finding lends support to the idea that education can prime students to identify and learn from reasoning by their clinical teachers that they may have otherwise missed.
Our study has several limitations. First, it was conducted at a single US allopathic medical school, limiting generalizability. As we randomized students by site, it is possible that differences in the teachers, learning environment, or other site-specific characteristics confounded the relationship between our intervention and outcomes. For instance, it is possible that that attending physicians at the intervention site were more aware of or more facile with clinical reasoning terminology because of their proximity with the curriculum than faculty at the control sites. However, in addition to the previously mentioned similarities in attending physicians between sites, the training sites share the same population of residents and similar patient populations. Additionally, we observed superior clinical reasoning skills in the intervention group compared to controls even during the first week of the intervention period, when exposure to their clinical training site was limited. We also found that intervention group students had superior performance in areas that were targeted by our curriculum (data synthesis, diagnostic reasoning), but not in areas left unaddressed (data gathering). Collectively, these findings suggest that the curriculum (and not the site) was responsible for the outcomes. Lastly, we relied on written documentation in hospital admission notes as a proxy for the students' clinical reasoning. It is possible that this mode of assessment failed to capture aspects of reasoning that were not written. We also cannot exclude the possibility that students may have received feedback on the clinical reasoning documented in their notes from their attending physicians or residents who were working with them. However, we would not expect these effects to differ by site.
In conclusion, we have demonstrated that structured clinical reasoning education can lead to improved knowledge of clinical reasoning concepts and superior written clinical reasoning skills in third-year medical students on an internal medicine clerkship. Our findings suggest that online modules coupled with a clinical reasoning workshop are effective and can prime students to more readily identify reasoning processes in their clinical role models. Next steps include development and evaluation of clinical reasoning curricula for pre-clinical medical students. 
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